ALTHOUGH the two-step exercise test of Master1 has been used extensively to produce electrocardiographic changes of acute coronary artery insufficiency, results of directly measured hemodynamic changes during the recovery period have not been reported. Indirectly measured hemodynamic changes following this two-step test have been reported infrequently since the tables of standardized stress were derived in 1929 from the recovery heart rates and indirect blood pressures in healthy subjects. From brachial artery pressure and dye-dilution curves alternately recorded in pairs at 1-to 2-minute intervals for 10 minutes with the subject recumbent following a single two-step test, seven hemodynamic events were measured. From these, nine other indices of function were calculated. It was observed that a marked increase in total peripheral resistance during systolic ejection developed during the second and third minutes of recovery in the subjects with persistent diastolic hypertension. The findings suggest an explanation for the delay in the appearance of the maximal chest pain and electrocardiographic changes of coronary artery insufficiency.
ALTHOUGH the two-step exercise test of Master1 has been used extensively to produce electrocardiographic changes of acute coronary artery insufficiency, results of directly measured hemodynamic changes during the recovery period have not been reported. Indirectly measured hemodynamic changes following this two-step test have been reported infrequently since the tables of standardized stress were derived in 1929 from the recovery heart rates and indirect blood pressures in healthy subjects.2 Measurements of the cardiac output by Fick or indicator-dilution principles have not been reported, although the total body oxygen consumption and the energy cost have been determined.5 Hemodynamic data obtained during the change from the upright during exertion to the supine position during recovery might help explain the delay in development of maximal chest pain and of maximal ST-segment changes until the second minute of recovery, as is frequently observed in subjects with coronary artery insufficiency. 6 The electrocardiographic two-step test is usually restricted to individuals with normal electrocardiograms but not necessarily to those with normal cardiovascular systems. Therefore, subjects with diastolic hypertension or healed myocardial infarction were studied. None of the subjects had angina pectoris. To determine whether there is a difference in their hemodynamic responses to recovery from exertion a comparison was made between hypertensive subjects with labile diastolic hypertension and those with persistent diastolic hypertension.
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Supported in part by a grant from the Pennsylvania Heart Association. Circulation, Volume XXX, July 1964 From brachial artery pressure and dye-dilution curves alternately recorded in pairs at 1-to 2-minute intervals for 10 minutes with the subject recumbent following a single two-step test, seven hemodynamic events were measured. From these, nine other indices of function were calculated. It was observed that a marked increase in total peripheral resistance during systolic ejection developed during the second and third minutes of recovery in the subjects with persistent diastolic hypertension. The findings suggest an explanation for the delay in the appearance of the maximal chest pain and electrocardiographic changes of coronary artery insufficiency.
Methods Subjects A total of 16 subjects were studied. All subjects had a functional capacity of I or II (New York Heart As.sociation). No subject had angina pectoris or an organic heart murmur, and none had been receiving medication. The subjects were divided into three categories by clinical criteria prior to analysis of the data.
The first group, consisting of five Negro subjects, had labile diastolic hypertension with indirect blood pressures that fluctuated over several months of observation from below 140/90 to above 150/100 mm. Hg. Two of the five were men. The mean age was 43 (31 to 52) Brachial artery dilution curves were obtained after the rapid intravenous delivery of 4 to 6 mg. of indocyanine green from 1-ml. polyethylene cartridges connected in tandem wvith flushing 10-ml. syringes filled with normal saline. The injection of 10 ml. of normal saline alone fails under these conditions to affect the densitometer significantly. The withdrawn blood was returned immediately. The volume of the withdrawal sysitem between artery and densitometer was 1.2 ml. Calibration of the dye curves was oibtained through the continuous su-ccessive withdrawal through the densitometer of five blood samples containing known amounts of dye.
Because of the ease of measurement, areas of the dilution curves used in the calculations were determined with a planimeter rather than by the method of Hamilton7 from curves replctted on semilogarithmic paper. The ascending limb of decreasing concentration of the planimetrically measured curves was extended to the baseline by inspection. The cardiac outputs calculated from planimetrically measured areas were compared to the cardiac outputs calculated from repilotted curves. The cardiac outputs from the planimetric method exceeded the cardiac outputs from the replotting method by a mean of 182 ± 332 ml./min. (p< 0.001) in 35 curves from the 16 subjects of this study and from 19 other subjects. This difference was greater when determined from curves of large amplitude with a relatively narrow time base (cardiac output < 7.0 L./min.) than when determined from curves of small amplitude with a relatively wider time base (car- Successive peripherally determined cardiac outputs do not vary significantly with the time between injections in this laboratory. The first of two cardiac outputs obtained by peripheral injection and sampling within 1 to 2 minutes of each other showed a mean that was 56 ± 407 ml./min. larger than the second output in 36 subjects. Cardiac outputs measured 10 minutes after completion of the standard two-step exercise showed a mean of only 5 + 570 ml./min. greater than the second of the pre-exercise pair of resting cardiac outputs irn 19 subjects.
Measurements and Calculations
The following were determined for all 16 subjects: heart rate, minute output in L./min., stroke volume in ml., "central blood volume" in ml., and maximal systolic anid diastolic pressures ini mm. Hg.
Only in the last nine subjects studied were records made at a paper speed that permitted the determination of ejection times and systolic mean. pressures. Of these nine subjects three were from the group with labile diastolic hypertension and six were from the group with persistent diastolic hypertension. All nine had normal electrocardiograms.
With these additional measuremen(ts the following indices were calculated: the tension time 8 to within 10 ml. of resting by the end of the third minute in all seven with persistent diastolic hypertension but fell to this level within 3 minutes in only two of five subjects with labile diastolic hypertension and in only two of four subjects with coronary disease. The central blood volume returned to within 200 ml. of resting by the end of the third minute in 12 of 16 subjects.
The systolic pressure did not return to the resting level rapidly ( fig. IC) . It returned to less than 10 mm. Hg above the resting level within 2 minutes in only two subjects, within 5 minutes in 10 subjects, and in more than 10 minutes in four subjects.
Hypertension
In three of the five subjects with labile diastolic hypertension and in six of the seven subjects with persistent diastolic hypertension additional functions dependent upon ejection time and systolic mean pressure could be calculated. Their mean resting values are summarized in table 1. In the nine subjects the mean heart rate, systolic pressure, cardiac output, stroke volume, systolic mean pressure, pressure time per minute, total peripheral resistance during systole, ejection rate, left ventricular external work, and left ventricular external power indices were significantly different (p < 0.05) from the resting level. during the first minute of recovery. All but the systolic peripheral resistance were significantly different during the second min- Note during the second and third minutes the significant overshoot above the resting level in the group with persistent diastolic hypertension, as compared to the group with labile diastolic hypertension.
It reached the resting level within 9 minutes in three of the six subjects with persistent hypertension and within 2 to 6 minutes in all three with labile hypertension. The mean pressure time per stroke ( fig. 2A ) during the first minute of recovery was approximately the same as at rest in both hypertensive groups. During the second minute there was a significant rise (p < 0.01) above resting in the mean pressure time per stroke in all nine hypertensive subjects. The four subjects with coronary artery disease differed significantly (p < 0.05) from the 12 with hypertension only in their systolic and diastolic pressure at rest and in the systolic pressure the first minute after exercise.
The three subjects with labile diastolic hypertension differed from the six with persistent diastolic hypertension in six of the 16 functions. At rest the difference was significant (p < 0.05) for systolic and diastolic pressures and the mean systolic pressure. During the first minute following exercise the difference was significant (p <0.05) for systolic pressure, left ventricular external power per stroke and per minute; during the second minute for systolic pressure and mean systolic pressure; and during the third minute for systolic pressure and systolic peripheral resistance.
Discussion Indocyanine Dilution Curves
In the resting state measurements of cardiac output by indicator-dilution technics are reasonably accurate.9 During more dynamic states such as that which immediately follows exertion, the validity of the indicator-dilution method is questionable. The basic assumption of a constant distribution of transit times for the indicator particles traveling through the vascular system 10 may not be valid under these circumstances. If it is valid, then a mean cardiac output is determined for the period of the indicator's transit, despite the lack of a "steady state." Should the assumption not be valid and should the hemodynamic changes alter the distribution of the transit times, we believe it is unlikely that the changes occur rapidly enough during the usual mean transit time of 18 seconds to distort the measurement of cardiac output seriously. If it is assumed th,at these changes occur no more rapidly than the changes in heart rate, which is the most rapidly changing function, then the maximum error in cardiac output determinations would be less than 18 per cent.
XVe therefore believe that this method prox'ides useful and reasonably accurate compara- tive cardiac output estimates under the conditions of this study.
Rapid repetitive determinations of dye curves might be modified by the hemodynamic changes mentioned above, by dye recirculation, by total circulatory mixing rate of the dye, or by the dye clearance rate. We have no data concerning dye recirculation. The dye mixing rate and clearance rate, however, do not significantly modify subsequent curves, for we have found in 36 subjects that the difference in cardiac outputs from two successive curves recorded peripherally at rest at 1-to 2-minute intervals is not significant. sults in the return of heart rate and blood pressure to within 10 beats per minute and 10 mm. Hg above the resting level by the end of 2 minutes in healthy subjects who recover in the sitting position.2 Recovery in the supine position corresponding to the usual technic of the electrocardiographic two-step test was used in this study. While the heart rates generally returned to the resting level within 2 minutes' time, the blood pressures returned more slowly, as did the other hemodynamic functions. Although this may have been partly due to the reduced functional capacity of this group of subjects, it may also have been due to the differences in position during recovery. This discrepancy between heart rate and other indices of cardiac function further demonstrates that the heart rate taken alone is a very poor index of cardiovascular recovery from submaximal exertion of short duration in stubjects with good cardiac reserve.
Clinical observations of several types suggest that the recovery posture after exertion is important. Lying down occasionally precipitates angina pectoris. Also cardiac pain appearing during the two-step test frequently does not become maximal until the second or third minute after lying down, at which time the electrocardiographic ST figure 2A , these two indices have become dissociated. Based upon the pressure time per stroke index the myocardial oxygen consumption per stroke should be increasing, but based upon the pressure time per minute index, the net myocardial oxygen consumption per minute should be decreasing as a result of the decrease in heart rate. Besides the mean systolic pressure, the ejection time, and the heart rate, a determinant of myocardial oxygen consumption not involved in the calculation of the above pressure time indices is the mean ventricular size.' If the heart is enlarging as the pressure time per stroke is increasing, there would be a further increase in myocardial oxygen consumption per minute that could more than compensate for the decrease that would occur as a result of cardiac slowing.
Transient enlargement of the heart on lying down after exertion might possibly occur through three mechanisms. First, a rapid increase of the peripheral resistance with its after loading effects, as during recovery in this study, is followed by a decrease in stroke volume. This could result in an increased residual cardiac volume and mean ventricular size." Second, in the upright position the heart size is smaller than in the supine position and becomes still smaller during exercise.14 Conversely, the heart increases in size, at least returns to normal, following thie cessation of exercise, presumably due to a reversal of exercise reflexes. It may further increase in size on the assumption of the supine position due to a shift of blood to the thorax. Third, if angina pectoris results, an additional increase in heart size probably occurs.'.
Although total body oxygen demand and external cardiac work are decreasing during the recovery period, internal cardiac work and myocardial oxygen need could increase through the mechanisms described above. This would accentuate pre-existing coronary artery insufficiency and myocardial oxygen deficit.
Consequently, angina pectoris and the associated electrocardiographic changes might first appear or become accentuated several minutes after lying down following exercise.
Hypertension
The most interesting difference between the labile and persistent diastolic hypertension groups is in the recovery reactivity of the total peripheral resistance determined during systole. At rest and during the first minute of recovery the peripheral resistance was the same in both groups. Thereafter, the persistent diastolic hypertensive subjects responded with a marked increase of the resistance to a value significantly above the resting level in contrast to the gradual return of the peripheral resistance to the resting level in the group with labile hypertension. The origin of this apparently abnormal reflex response is not readily apparent. Whether these two small groups of subjects represent different stages of the same disease or different conditions cannot be determined from the data.
Summary and Conclusions
Peripheral arterial pressure and indicatordilution curves were recorded alternately in pairs at 1-to 2-minute intervals following the single Master two-step test in five subjects with labile diastolic hypertension, in nine with persistent diastolic hypertension, and in four with healed myocardial infarction. From these curves seven hemodynamic functions were determined. In nine of the 12 hypertensive subjects nine other indices of function were calculated.
In the hypertensive subjects during the first to the third minutes of recovery there was complete dissociation of the pressure time per stroke which was inereasing, and the pressure time per minute, which was decreasing. Concurrently the total peripheral resistance during systolic ejection had significantly increased above the resting level after its reduction at the termination of exercise.
This rebound in peripheral resistance was limited to the subjects with persistent diastolic hypertension. The significance of these hemodynamics relative to the delayed accentuation of angina pectoris and the associated electroCirculation, Volume XXX, July 1964 cardiographic ST-T changes 2 to 3 minutes after the termination of two-step exertion is discussed.
